To determine whether the use of incretin-based drugs, including GLP-1 analogs and dipeptidyl peptidase-4 inhibitors, is associated with an increased risk of congestive heart failure (CHF) among patients with type 2 diabetes.
signal for an increased CHF risk is currently limited to saxagliptin, incretinbased drugs in general may be associated with an increased risk of CHF as increasing plasma GLP-1 level has previously been associated with impaired left-ventricular function (5) . To date, no observational study has been conducted to determine whether incretin-based drugs are associated with an increased risk of incident CHF in the real-world setting.
Given the limited and conflicting data available regarding the effect of these drugs on the risk of CHF, there remains a need to further examine the CHF signal identified in SAVOR-TIMI 53 and examine the CHF effects of incretin-based drugs in general. The objective of this study was therefore to determine whether the use of incretin-based drugs, including DPP-4 inhibitors and GLP-1 analogs, is associated with an increased risk of CHF among patients with type 2 diabetes.
RESEARCH DESIGN AND METHODS

Data Sources
This study was conducted using the U.K. Clinical Practice Research Datalink (CPRD) linked to the Hospital Episode Statistics (HES) database. The CPRD is a large electronic database with data on .13 million patients enrolled in .680 general practices; these patients are representative of the U.K. population (6) . The CPRD contains medical information including demographic data, medical diagnoses, procedures, and deaths that are documented by trained general practitioners. Prescriptions and diagnoses collected in the CPRD are regularly audited and have been shown to be valid and of high quality (7) (8) (9) (10) . The HES database records hospital admission dates, primary and secondary diagnoses (coded using the ICD-10 classification), and related procedures and has been shown to have good accuracy (11) .
The study protocol was approved by the Independent Scientific Advisory Committee of the CPRD (protocol number 13_034RA2) and the Research Ethics Board of the Jewish General Hospital, Montreal, Quebec, Canada.
Study Population
Base Cohort
A base cohort of patients newly treated with noninsulin antidiabetic drugs (metformin, sulfonylureas, thiazolidinediones, a-glucosidase inhibitors, guar gum, meglitinides, and incretinbased drugs) between 1 January 1988 and 31 March 2012 was assembled. To be included, patients were required to be at least 18 years of age and have at least 1 year of CPRD medical history prior to the first noninsulin antidiabetic prescription. Women with a diagnosis of polycystic ovary syndrome, another known indication for metformin, at any time prior to this first prescription were excluded. Patients were also excluded if they were initially treated with insulin as such patients are more likely to have type 1 diabetes or an advanced form of type 2 diabetes. Patients who later required insulin during follow-up were eligible for inclusion. Patients who were not linkable to HES were excluded.
Study Cohort
Using this base cohort, we identified a study cohort of all new users of an antidiabetic drug between 1 January 2007, the year the first DPP-4 inhibitor was licensed in the U.K., and 31 March 2012. New users were defined as those newly treated with an antidiabetic drug (e.g., those receiving a first-ever antidiabetic prescription after 2007), as well as those who added on or switched to an antidiabetic drug not previously used in the patient's treatment history. Cohort entry was defined by the date of this new antidiabetic drug. Patients previously diagnosed with CHF (including inpatient or outpatient records found in either the CPRD or HES) at any time prior to cohort entry were excluded, as were those with ,1 year of HES data prior to cohort entry. Patients were followed until the study outcome (HES-defined hospitalization for CHF, ICD-10 codes: I50.x, in primary or secondary position), death from any cause, end of registration with the general practice, end of linkability to HES, or end of study period (31 March 2012), whichever came first.
Case-Control Selection
A nested case-control analysis was conducted within the study cohort described above. Case subjects were defined by hospitalization for CHF, and up to 20 control subjects per case were randomly selected using risk set sampling, matched on duration of followup, age (61 year), duration of treated diabetes (i.e., time from first-ever noninsulin prescription to date of study cohort entry; 690 days), and calendar year of study cohort entry. For 35 (3.1%) case subjects without any control subjects, we relaxed the calipers for age, duration of treated diabetes, and cohort entry year until all case subjects had at least one control (maximum calipers of 65, 6 1, and 63 years, respectively). The day of hospital admission for CHF defined the index date for case subjects, and control subjects inherited their index date from their matched case. The nested case-control analysis represents a computationally efficient approach relative to a full cohort analysis with a time-dependent Cox proportional hazards model and produces odds ratios (ORs) that are unbiased estimators of the incidence rate ratio (12, 13) .
Exposure Assessment
For all case subjects and their matched control subjects, exposure to insulin and noninsulin antidiabetic drugs was identified, and current use was classified hierarchically using the following five mutually exclusive categories: incretinbased drugs (including both DPP-4 inhibitors [sitagliptin, vildagliptin, and saxagliptin] and GLP-1 analogs [exenatide and liraglutide], alone or in combination with other antidiabetic drugs), insulins (alone or in combination with other antidiabetic drugs), $2 oral antidiabetic drugs, single oral antidiabetic drug, or no current exposure. Current use was defined by prescription duration plus a 30-day grace period (to account for nonadherence and the biological half-lives of these drugs) overlapping with the index date. As incretin-based drugs are considered second-to third-line treatments (14) , the reference group for the primary analyses was current use of $2 oral antidiabetic drugs.
Statistical Analysis
Descriptive statistics were used to summarize the baseline demographic and clinical characteristics of case subjects and matched control subjects. The crude incidence rate with 95% CIs based on the Poisson distribution of the CHF outcome was calculated by dividing the total number of case subjects by the total person-years of follow-up in the study cohort. Conditional logistic regression was used to estimate ORs and corresponding 95% CIs of CHF, comparing current use of incretin-based drugs to current use of $2 oral antidiabetic drugs. The latter was considered the primary analysis.
In addition to conditioning on the matching variables (i.e., duration of follow-up, age, duration of treated diabetes, and calendar year of cohort entry), all models were adjusted for the following potential confounders measured prior to study cohort entry: sex, BMI (last measure prior to cohort entry), excessive alcohol use ( , comorbidities such as neuropathy, renal disease, retinopathy, atrial fibrillation, cancer (other than nonmelanoma skin cancer), chronic obstructive pulmonary disease (COPD), coronary artery disease (CAD), dyslipidemia, hypertension, previous myocardial infarction (MI), peripheral arteriopathy, peripheral vascular disease, previous coronary revascularization, and previous stroke, all measured at any time prior to cohort entry. We also adjusted for the number of prescriptions, number of physician visits, and use of the following drugs in the year before cohort entry: ACE inhibitors, angiotensin receptor blockers, b-blockers, calcium channel blockers, diuretics, fibrates, statins, aspirin, and other nonsteroidal anti-inflammatory drugs. Antidiabetic drugs (insulins, metformin, sulfonylureas, thiazolidinediones, and others [a-glucosidase inhibitors, guar gum, and meglitinides]) used in the year before cohort entry were not included in the primary analysis due to their high correlation with exposure during follow-up. However, adjustment for these drugs was considered in a sensitivity analysis.
Secondary Analyses
We performed five secondary analyses. First, we repeated the primary analysis with current exposure to incretin-based drugs subclassified by duration of current exposure, with tertile-defined duration categories (i.e., 1-83 days, 84-265 days, and .265 days). Second, we stratified current exposure to incretin-based drugs by type and by pharmaceutical. Third, the analyses were repeated by subclassifying current use of incretin-based drugs using the following hierarchy: incretin-based drug with insulin (with or without other oral antidiabetic drugs), incretin-based drug with oral antidiabetic drugs, and incretin-based drug as monotherapy. Finally, in the last two secondary analyses, we examined potential effect measure modification by history of cardiovascular disease (defined as MI, stroke, coronary revascularization, CAD, peripheral vascular disease, or atrial fibrillation) and by duration of treated diabetes (,5 vs. $5 years).
Sensitivity Analyses
We also performed nine sensitivity analyses to assess the robustness of the results. First, we excluded patients with a history of insulin or thiazolidinedione use prior to cohort entry and censored patients upon receiving these medications during follow-up, given their reported association with an increased risk of CHF (15) (16) (17) . Second, the use of metformin is not recommended in patients with renal insufficiency. Consequently, we repeated our primary analyses excluding patients with a history of renal disease (i.e., defined as having acute kidney injury, chronic renal failure, or dialysis-related procedures any time prior to cohort entry) to examine the impact of this contraindication on our results. Third, we repeated the primary analysis with case subjects restricted to those in whom CHF was the primary diagnosis and censoring those with CHF recorded as a secondary diagnosis. Fourth, we repeated the analysis using an alternate reference group consisting of patients currently exposed to metformin-sulfonylurea combinations, the most common treatment combination in type 2 diabetes (18, 19) . Fifth, we also used a reference category of current exposure to $1 oral antidiabetic drug to examine the impact of requiring current use of (and thus adherence to) two drugs in the reference group of our primary analysis. Sixth, we repeated the analysis using patients currently exposed to any nonincretin-based drugs as the reference category to facilitate comparison with SAVOR-TIMI 53 (2) and EXAMINE (20) ; in these trials, the active drugs or placebo was added to a heterogeneous background of antidiabetic agents. Seventh, we repeated the analysis adjusting for covariates measured at index date rather than at cohort entry. With potential adjustment for intermediates, this analysis provides an overly conservative risk estimate (21) . Eighth, we varied the grace period used for current exposure to 0 and 90 days. Finally, we further adjusted our risk estimates for antidiabetic drugs prescribed in the year before cohort entry. All analyses were two-tailed, with P , 0.05 considered statistically significant, and were all conducted with SAS version 9.3 (SAS Institute, Cary, NC).
RESULTS
A total of 57,737 patients met the study inclusion criteria (Fig. 1) . The mean (SD) age at cohort entry was 61.6 (13.4) years, and 56.8% were males. The mean (SD) duration of treated diabetes was 2.3 (3.5) years. At cohort entry, the vast majority of patients received metformin monotherapy (67.1%), followed by sulfonylurea monotherapy (13.0%), 5.7% incretin-based drugs (either in monotherapy or in combination with other agents), while the remainder (14.2%) received other drugs. With a mean (SD) follow-up of 2.4 (1.5) years, there were a total of 1,118 case subjects with a first-ever hospitalization for CHF over 138,833 total person-years of follow-up (incidence rate: 8.1 [95% CI 7.6-8.5 per 1,000 person-years]). Table 1 shows the characteristics of the 1,118 case subjects and 17,626 matched control subjects. Case subjects were more likely to be obese, with a higher prevalence of comorbidities, including renal disease, atrial fibrillation, CAD, COPD, hypertension, history of MI, and peripheral arteriopathy. Case Continued on p. 281 subjects were also more likely to be prescribed b-blockers, calcium channel blockers, and diuretics and have a higher number of distinct prescriptions and physician visits. Table 2 presents the characteristics of the current users of incretin-based drugs and those who received $2 oral antidiabetic drugs in the control group. Compared with current users of $2 oral antidiabetic drugs, incretin-based drug users were slightly younger, more likely to be obese, and had more distinct prescriptions and physician visits. Overall, both groups were comparable with respect to comorbidities and medication use at baseline.
The results of the primary analysis are presented in Table 3 . Compared with current use of $2 oral antidiabetic drugs, current use of incretin-based drugs was not associated with an increased risk of CHF (OR 0.85 [95% CI 0.62-1.16]). In a secondary analysis, the risk did not appear to vary with type or duration of use, with all ORs of the duration categories at or under the null value (Table 3) . Our analysis by pharmaceutical was inconclusive due to sparse data (Supplementary Table  1 ). When exposure to incretin-based drugs was subclassified by concomitant antidiabetic therapy use, no association was observed when compared with users of $2 antidiabetic drugs, though estimates were accompanied by wide 95% CIs (Supplementary Table 2 ). Finally, there was no effect measure modification by history of cardiovascular disease (no prior history, OR 1. 
Sensitivity Analyses
When patients with a history of insulin or thiazolidinedione use prior to cohort entry were excluded and those who received these prescriptions during follow-up were censored, the OR remained nonsignificant and moved closer to 1 (Supplementary Table 3 ). Similarly, sensitivity analyses that excluded patients with a history of renal disease resulted in an OR that was closer to 1 (Supplementary Table 4 ). All other sensitivity analyses produced results that were consistent with those of our primary analyses (Supplementary Tables 5-11 ).
CONCLUSIONS
The results of this large, populationbased study indicate that the use of incretin-based drugs is not associated with an increased risk of hospitalization for CHF. Similar results were obtained in secondary analyses that considered type and duration of incretin-based drug use. Moreover, these results remained consistent in several sensitivity analyses. Overall, these results should provide reassurance in light of the safety signal raised by the SAVOR-TIMI 53 trial (2) .
There are several possible explanations for why our study did not replicate the increased risk of CHF observed in the SAVOR-TIMI 53 trial. First, the SAVOR-TIMI 53 trial included patients with a history of cardiovascular disease, including pre-existing CHF, whereas our study excluded patients with a history of CHF at cohort entry. Second, the duration of diabetes in patients enrolled in the SAVOR-TIMI 53 trial was longer compared with patients included in this study (10.3 vs. 2.3 years, respectively). However, we did not observe any effect modification by history of cardiovascular disease and duration of treated diabetes ($5 years) on the association between incretinbased drug use and the risk of CHF. Nonetheless, these were secondary analyses and thus should be interpreted with caution. Third, the SAVOR-TIMI 53 trial examined saxagliptin rather than incretin-based drugs as a class. It is therefore possible that the increased risk observed in the randomized controlled trial is specific to saxagliptin, though it is unclear why their biological effects would differ with respect to CHF. Finally, the increased risk of CHF observed in SAVOR-TIMI 53 may be a spurious finding due, in part, to the statistical consequences of examining multiple end points.
While the SAVOR-TIMI 53 trial reported an increased CHF risk with incretin-based drugs, some clinical studies have suggested that incretin-based drugs may play a protective role in the pathogenesis of CHF (22, 23) . For example, studies demonstrated that B-type natriuretic peptide, a cardiac marker that is elevated in the presence of CHF (24) , was decreased in patients treated with liraglutide (25) or exenatide (26) . Another study showed that GLP-1 improved ventricular function in patients with chronic CHF (22) , although this was not observed in another study (27) . A recent population-based cohort study conducted in patients with both diabetes and CHF found an increased risk of hospitalization for CHF with sitagliptin, but a heterogeneous reference category makes these results difficult to interpret, particularly with included sensitivity analyses, demonstrating that their risk estimates differ greatly depending on their choice of comparator (28) . Taken together, these studies suggest that incretin-based drugs should have a neutral or possibly beneficial effect on the incidence of CHF.
This study has a number of strengths. First, our large study population provided sufficient power to study the association between incretin-based drugs and hospitalization for CHF. Second, our study population was unrestricted and thus was representative of patients with type 2 diabetes of varying age, disease stage, and severity. Third, the CPRD and HES databases used in this study have S, suppressed as at least one cell has a count ,5. a Case and control subjects were matched on the duration of follow-up, age, duration of treated diabetes, and calendar year of cohort entry. b Measured in the year prior to study cohort entry.
c Number of prescriptions refers to the number of drug classes prescribed.
d Last measure prior to cohort entry. e Comorbidities measured any time before study cohort entry. been validated extensively to ensure data accuracy (11, 29) . Moreover, the CPRD collects information on potentially important confounders, such as HbA 1c and BMI. Fourth, using a base cohort of patients receiving noninsulin antidiabetic agents between 1988 and 2012 allowed for an accurate assessment of the duration of treated diabetes, a potentially major confounder. Finally, our nested case-control analysis allowed for a time-dependent assessment of exposure while matching on key potential confounders. Our study has some potential limitations. First, the CPRD does not capture prescriptions written by specialists. However, with both the exposed and reference group identified by prescriptions written by general practitioners, we believe that this had a minimal effect on our results. Second, the CPRD only contains information on the prescriptions issued and not filled, which may result in some minor misclassification. Third, with an average follow-up that was relatively short (mean of 1.8 years for case subjects and control subjects), changes in health status since baseline may have resulted in some residual confounding. However, in sensitivity analyses, we adjusted for covariates at index date, producing results that were similar to those of our primary analysis. In addition, we were unable to adjust for diet and physical activity, though we believe that these variables were not differentially distributed between the exposure groups and correlate well with others included in our adjustment (e.g., BMI). Fourth, to our knowledge, the end point of HES-defined hospitalization for CHF has not been previously validated. However, consistent results were obtained when restricting to case subjects with a primary diagnosis of CHF. Our case definition was restricted to hospitalized CHF rather than patients with either an inpatient or outpatient diagnosis to obtain a more homogeneous, highly specific, and clinically relevant case series. Nonetheless, our overall CHF rate compares favorably to previously reported CHF rates among patients with type 2 diabetes (30) . Fifth, as incretinbased drugs are most commonly used as second-or third-line therapies (14) , the optimal choice of comparator is unclear. While we used $2 oral antidiabetic drugs as our main comparator, we conducted sensitivity analyses in which we used metformin and sulfonylurea combination therapy as well as an additional sensitivity analysis in which we censored upon prescription of insulin or a thiazolidinedione. Regardless of comparator, we found no evidence of an increased risk with incretin-based drugs. Finally, although we had sufficient power for our primary analyses, statistical power was modest in some secondary analyses, including our analyses by type of incretin-based drug (i.e., DPP-4 inhibitor and GLP-1 analog) and by pharmaceutical. For example, with fewer than five case and control subjects prescribed saxagliptin, we were unable to draw strong conclusions regarding its pharmaceutical-specific CHF risk. Further, large-scale studies are needed to definitively assess such risks.
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